The electronic properties of vertically aligned ZnO nanorods have been investigated using micro-Raman spectroscopy. The concentration and mobility of the charge carriers were determined via Raman line shape analysis using longitudinal-optical-phonon-plasmon coupled mode. The local laser heating and the stress effects have been considered when analyzing the Raman spectra. The mobility and carrier concentration of the aligned ZnO nanorods are 84.8 cm 2 / V s and 3.8 ϫ 10 17 cm −3 , respectively. As a comparison, the mobility and carrier concentration of the undoped bulk ZnO were also obtained from the Raman line shape analysis. The mobility of the aligned ZnO nanorods is about 20% lower than that of the undoped bulk ZnO, which can be attributed to enhanced surface scattering due to the reduction in dimension.
INTRODUCTION
Recently, one-dimensional ͑1D͒ semiconductor nanorods have been considered as promising building blocks for nanoscale photonic devices and circuits. [1] [2] [3] Among these semiconductor nanorods, 1D zinc oxide ͑ZnO͒ is one of the most intensively studied nanorod materials. ZnO is a wide bandgap semiconductor which possesses a direct band gap of 3.37 eV and a room temperature exciton binding energy of 60 meV. ZnO has been considered a promising candidate for subwavelength waveguides, ultraviolet ͑UV͒ laser diodes, UV photodetectors, white light emitting diodes, solar cells, 4 and other types of optoelectronic devices. Room temperature stimulated excitonic emission and optically pumped laser action are observed from high quality ZnO thin film, which makes ZnO a suitable candidate for UV laser applications. 5, 6 It is also expected that an exciton-based ZnO laser performs better than its GaN counterpart. 7 It is significantly important to characterize the electronic properties of the 1D ZnO nanorods if one would want to fabricate the nanorod-based electronic and optoelectronic devices with a desired performance. Electrical characterization techniques such as Hall, 8 capacitance-voltage ͑C-V͒, and impedance 9 measurements are being used to measure the electronic parameters such as carrier concentration. However, these techniques require preparation of electrical contact to a material under investigation. On the other hand, optical measurement techniques such as Raman spectroscopy can provide a noncontact method for the measurement of the electronic parameters. Optical methods are more useful than its electrical counterpart when analyzing a low-dimensional materials system due to the difficulty in the preparation of the contact to nanostructures.
By exploiting the coupling between longitudinal-optical ͑LO͒ phonons and plasmons in polar semiconductors, the electronic parameters of materials can be extracted via Raman spectroscopy. In polar semiconductors, the long-range electrostatic Coulombic force mediates the coupling of LO phonons and the plasmons, resulting in the formation of two hybrid excitations of the longitudinal-optical-phononplasmon ͑LPP͒ modes. The LPP modes influence the energy exchange between carrier and the lattice, thus playing an important role in carrier relaxation and transport. [10] [11] [12] [13] [14] The relative energy shift and linewidth broadening of the LPP modes are directly influenced by the concentration and the mobility of free charge carriers. Both LPP modes ͑high-frequency and low-frequency LPP modes͒ can be observed if the damping of plasmon is sufficiently small. However, only the high-frequency LPP modes can be observed when plasmon damping is significant. Gallium arsenide ͑GaAs͒ is the first semiconducting material from which the LPP modes have been observed by Raman spectroscopy. 15 Previously, the electronic parameters of GaN thin film and nanorods have been determined by using Raman spectroscopy. 16, 17 However, this method has not been applied in determining the electronic parameters of ZnO nanostructures. Therefore, in this work, we have collected LPP modes of ZnO nanorods and determined the free a͒ Author to whom correspondence should be addressed. Electronic mail: park@physics.auburn.edu.
carrier concentration and electron mobility of the sample. As a comparison, the LPP modes collected from a single crystal bulk ZnO wafer was also investigated.
EXPERIMENT
Vertically aligned ZnO nanorods were grown on a p-Si substrate using thermal chemical vapor deposition ͑CVD͒. An ultrathin layer ͑with thickness of ϳ20 nm͒ of zinc was sputtered on the p-type Si substrate prior to the ZnO nanorod synthesis. As-sputtered samples were loaded into the furnace at a temperature of 400°C and were annealed for 8 h at 1 atm in order to oxidize Zn layer to form ZnO. All the samples were ultrasonically cleaned in pure methanol for 10 min, followed by immersion of the samples in methanol with a suspension of zinc nanopowder for an additional 30 min. No special catalysis was used in nanorod growth. All the as-prepared samples were loaded on top of an alumina boat containing Zn powder. Meanwhile, an additional alumina boat containing Zn powder was inserted into the end of a smaller quartz tube before loading the alumina boat, which has the sample on it. Then, the temperature of the CVD reactor was elevated to 500°C with a ramping rate of 5°C/ min. Argon ͑Ar͒ and oxygen ͑O 2 ͒ were used as the carrier and reactant gases, respectively, for ZnO nanorod growth. The flow rates of Ar and O 2 were 88 and 8 SCCM ͑standard cubic centimeter per minute͒, respectively. The growth of ZnO nanorods were performed at 50 Torr for 60 min.
The surface morphologies of the samples were studied using a field-emission scanning electron microscope ͑JOEL JSM-7000͒. The crystal structures of the samples were characterized by x-ray diffraction ͑XRD͒ using a Rigaku Miniflez powder x-ray diffractometer with Cu K␣ radiation. Microphotoluminescence and micro-Raman spectroscopy were performed at room temperature using 325 and 441.6 nm laser lines, respectively, from a He-Cd laser ͑Kimmon Electric͒ with a spectrometer ͑Jobin-Yvon͒ integrated with a grating ͑3600 lines/ mm groove density͒. Both spectra were collected using a spectrometer with a thermoelectrically cooled charge coupled device detector. Backscattering geometry was used for Raman scattering measurement. The spectral resolution of the grating is 0.2 cm −1 .
RESULTS AND DISCUSSION
The scanning electron microscope ͑SEM͒ images of the vertically aligned ZnO nanorods synthesized using thermal CVD are shown in Fig. 1 . The low magnification SEM shown in Fig. 1͑a͒ reveals that the well-aligned ZnO nanorods were uniformly grown on a relatively large area of the p-type Si substrate. Figure 1͑b͒ shows the high-resolution SEM image of the ZnO nanorods. The hexagonally shaped nanorods with an average diameter of 100-150 nm can be clearly observed. The XRD pattern shown in Fig. 2 also reveals high crystallinity and c-axis preferential orientation of the ZnO nanorods. Only the XRD peaks corresponding to ͑0002͒ and ͑0004͒ planes can be seen.
The photoluminescence ͑PL͒ spectrum of ZnO exhibits a near band edge ͑NBE͒ UV emission peak and a broad visible emission band due to the deep level intrinsic and/or extrinsic defects. 18, 19 The mechanism of the broad visible emission, especially the blue-green emission, was explained to be mediated by oxygen vacancies ͑V O ͒, i.e., singly ionized 20 or doubly ionized oxygen vacancy. 21 The PL spectrum of the aligned ZnO nanorods is shown in Fig. 3 . A strong UV NBE emission is observed at 382 nm and no visible luminescence was collected. This result possibly implies that our aligned ZnO nanorods are free of optically active defects since no broad visible emission is observed.
Thermodynamically stable ZnO crystallite possesses a wurtzite structure and belongs to the space group of C 6v 4 . Group theory predicts that the material with the C 6v 4 space group is expected to have A 1 ͑z͒ +2B 1 + E 1 ͑x , y͒ +2E 2 optical phonon modes at the ⌫ point of the Brillouin zone. 22 Among these optical phonon modes, A 1 mode is both infrared and Raman active and is polarized in the z direction. E 1 mode is also infrared and Raman active, but the phonon is polarized in the xy plane. The two B 1 modes are silent and the two E 2 modes are only Raman active. A 1 and E 1 are the two polar modes which can be influenced by the long-range macroscopic electric field. Raman modes that can be observed in a spectrum are strongly dependent on the Raman selection rules, which take into consideration the orientation of the crystal with respect to the directions of propagation and polarization of the incident and Raman scattered light.
Since the z͑-,-͒z គ backscattering geometry was employed and the c axis of ZnO is along the z direction, only the Raman peaks of A 1 ͑LO͒, E 2 ͑1͒ , and E 2 ͑2͒ modes are allowed according to the Raman selection rule. According to the selection rule, ZnO nanorods must be grown along the c axis for pure A 1 ͑LO͒ mode collection. If the nanorods are tilted with a certain angle, quasimodes produced by mode mixing can be collected. The phonon frequency of the quasi-LO mode lies in between those of E 1 ͑LO͒ and A 1 ͑LO͒ modes. The frequency of quasi-LO mode ͑ QLO ͒ can be described using the following equation:
where is the angle between the c axis and the direction of phonon propagation. Therefore, in order to collect pure A 1 ͑LO͒ Raman peak, the nanorods with a c-axis orientation should be used for Raman measurement. Two important factors need to be considered when analyzing the Raman spectra of the nanorods: one is the Raman peak shift due to the stress and the other is the peak shift due to the laser heating of the nanorods. The peak position and the full width at half maximum ͑FWHM͒ of the Raman E 2
͑2͒
mode of the aligned ZnO nanorods were determined by fitting the mode using the Lorentzian function. The Raman spectra of the bulk ZnO crystal was also collected as a reference. As shown in Fig. 4 , the peak position and FWHM of the ZnO bulk are 435.3 and 12.5 cm −1 , respectively. The peak position and FWHM of the aligned ZnO nanorods are 435.2 and 12.3 cm −1 , respectively. Since the E 2 ͑2͒ mode is sensitive only to stress, this peak was used to study if the samples are under stress. Compressive and tensile stresses of the sample will shift this peak to a higher and a lower wavenumber, respectively. Assuming that the ZnO bulk crystal is stress-free and neglecting the hydrostatic stress contribution from the point defects, the E 2 ͑2͒ peak position difference between the ZnO bulk and the aligned ZnO nanorods is 0.1 cm −1 . Since the spectral resolution of the grating we have used is 0.2 cm −1 , the difference in frequency of the E 2
mode for bulk ZnO and the aligned ZnO nanorods can be neglected, thus considering ZnO nanorods as stress-free. Upon illumination of the sample by a focused laser beam, the local temperature of the sample can be elevated up to several hundred degrees Celsius, which causes the downshift and line shape broadening of the Raman peaks. The laser heating effect can even be more severe in micro-and nanostructured materials due to their reduced thermal conductivity 23 and small dimensionality. In order to determine whether or not the Raman peak was shifted due to the local laser heating, both the Stokes and the anti-Stokes part of the Raman spectra were collected for the bulk ZnO and aligned ZnO nanorods. The ratio of the integrated intensity of the Stokes E 2 mode ͑I S ͒ to that of the anti-Stokes E 2 mode ͑I AS ͒ was determined. The intensity ratio ͑I S / I AS ͒ is a function of temperature as follows: 24, 25 
where ␣ l , ␣ AS , and ␣ S are the absorption coefficients for laser, anti-Stokes, and Stokes light, respectively. l and p are frequencies of the laser and the E 2 phonon mode, respectively. The fourth power term considers the different scattering cross sections for Stokes and anti-Stokes light, while ␥ is the factor that demonstrates the detection efficiency of the optical system. 24 Since the difference in temperature ͑⌬T͒ of the two samples is of our concern, Eq. ͑2͒ can be further simplified by eliminating all the other parameters except for the exponential term, 
where R 1 and R 2 are the Stokes to anti-Stokes peak intensity ratio of the bulk ZnO and aligned ZnO nanorods, respectively Figures 5͑a͒ and 5͑b͒ show the Stokes and anti-Stokes Raman spectra of the ZnO bulk wafer, respectively, and Figs. 5͑c͒ and 5͑d͒ exhibit Stokes and anti-Stokes Raman spectra of the aligned ZnO nanorods, respectively. These spectra were collected to estimate the corresponding peak shift due to the local laser heating. Assuming that the laser heating of the bulk ZnO crystal is neglected ͓assuming that T = 300 K in Eq. ͑3͔͒, the temperature difference between the bulk ZnO and the aligned ZnO was found to be 2°C. The approximation method used in the equation can be justified since the temperature difference ͑⌬T͒ is significantly smaller than the square of the temperature ͑T 2 ͒ in the denominator. The Raman peak shift due to the estimated temperature difference was calculated to be less than 0.2 cm −1 . Therefore, the Raman peak shift due to the local laser heating can be neglected.
When the plasmon frequency p approaches the frequency of the LO phonon mode LO , the collective oscillation of the free-electron gas begins to couple with the LO phonon via its associated longitudinal electric field. The LO phonon-plasmon coupled mode splits into two branches: High and lower frequency LPP modes are referred to as LPP + and LPP − modes, respectively. Only the LPP + mode can be detected if the plasmon is in the overdamped condition, i.e., p Ͻ ␥. The LPP + mode in the Raman spectrum shifts to a higher frequency and an asymmetrical broadening occurs as the concentration of free electron increases. Therefore, the carrier concentration can be extracted by analyzing the Raman spectrum. The plasma frequency can be determined by fitting the coupled A 1 ͑LO͒ plasmon-phonon peak using the following equation:
where represents the relative Raman shift, ͑͒ is the dielectric function, and A͑͒ is the term that corresponds to the deformation potential and the electro-optic mechanism 13 and is expressed as follows:
where C is the Faust-Henry coefficient, which can be deduced from the ratio of the intensity of the LO to TO phonon modes in undoped ZnO using the following equation:
where l is the frequency of the laser, p is the plasma frequency, and LO and TO are the LO and TO phonon frequencies for A 1 mode, respectively. ⌫ and ␥ represent the phonon and plasmon damping constants, respectively. The dielectric function ͑͒ in Eq. ͑4͒ indicates the contributions from both phonon and plasmon:
where ⍀ 2 is the simplification of LO 2 − TO 2 and ϱ is the high-frequency optical dielectric constant. Equation ͑4͒ can be fully expressed and simplified by substituting Eqs. ͑5͒, ͑6͒, and ͑8͒ into it. The value of p , ␥, and ⌫ can be obtained by fitting the experimental data with Eq. ͑4͒. The carrier concentration can be determined from the plasmon frequency p by using the following expression:
where m * is the effective mass of the free carrier and is determined to be 0.23m e for ZnO. 27 Finally, the mobility of the electron can be obtained from the plasmon damping constant ␥ as follows:
͑10͒ Table I summarizes the published ZnO Raman peak position for the various modes collected by other research groups. In this fitting, the wavenumbers of the TO and LO phonon modes were set to 378 and 574 cm −1 , respectively, and the optical dielectric constant 28 and Faust-Henry constant 29 were set to 3.68 and 6.4, respectively.
The curve fitting results for the bulk ZnO and the aligned ZnO nanorods are shown in Fig. 6͑a͒ .   101  444  380  395  398  413  579  585  591  585  13  102  439  379¯410¯574¯591¯32  436¯¯¯¯582¯¯¯23  102  438  380¯409¯¯¯587¯33  102  437  379¯410¯¯¯591¯24  101  437  380¯407¯574¯583¯34  441  381¯407¯¯¯583¯35  98 437 shift to a higher frequency and asymmetrical line shape broadening occurs when p is larger than about 100 cm −1 , as shown in Fig. 6͑b͒ . The theoretically simulated curves as a function of different plasma frequencies showed an excellent agreement with the experimental data. Furthermore, capacitance-voltage ͑C-V͒ measurement of the undoped bulk ZnO was also performed to compare the carrier concentration results obtained from both Raman scattering and C-V electrical measurement methods. The carrier concentration of the undoped bulk ZnO was in the range of ͑1.3-2.5͒ ϫ 10 17 cm −3 , which confirmed that the LPP fitting result is fairly reliable.
Recent studies by Snure and Tiwari 31 showed that the electrical resistivity of the ZnO film can be significantly reduced by adding Ga dopant into the film. It might be an interesting topic for future work to study the electrical characteristics of Ga-doped ZnO nanorods.
SUMMARY AND CONCLUSIONS
The electronic properties of undoped bulk ZnO and wellaligned ZnO nanorods have been investigated using microRaman spectroscopy. It was found by Raman spectroscopy that the ZnO nanorods are stress-free. The carrier mobility as well as the carrier concentration of undoped bulk ZnO and the aligned ZnO nanorods were determined by the line shape analysis of the A 1 ͑LO͒ phonon-plasmon coupled mode. The local laser heating effect was considered using the ratio of the E 2 mode Stokes to anti-Stokes Raman peak intensity. It is important to carefully consider laser heating effect when determining the frequency of the uncoupled LO phonon mode before performing the line shape analysis since the LO phonon peak position depends on both the temperature and the LO phonon-plasmon coupling. The mobility and carrier concentration of the undoped bulk ZnO obtained from the line shape analysis are 108.9 cm 2 / V s and 1.9ϫ 10 17 cm −3 , respectively. The mobility and carrier concentration of aligned ZnO nanorods obtained from the line shape analysis are 84.8 cm 2 / V s and 3.8ϫ 10 17 cm −3 , respectively. The C-V measurement of undoped bulk ZnO carrier concentration also further confirmed the carrier concentration obtained from LPP mode line shape analysis. The mobility of the aligned ZnO nanorods is about 20% lower than that of undoped bulk ZnO, which can be attributed to the enhanced surface scattering due to the low dimension of the nanorod structure. 
